ABSTRACT During anaerobic germination, rice produces a coleoptile devoid of carotenoid and chlorophyll. Further development and greening of the shoot occur upon exposure of the seedlings to air. In this study, a comparison was made between anaerobically (N2) germinated rice, greened upon exposure to air, and air/dark (A/D) germinated seedlings, greened upon exposure to light. After exposure to air, N2rgrown seedlings had a 76-hour Ig before net oxygen evolution occurred compared to a 6-hour lag for A/D-grown seedlings. important not only in establishing the seedling, but also as an alternative system to developmental studies using etiolated seedlings.
seed, a nonpigmented coleoptile is produced which serves as a 'snorkel', transporting 02 from more aerobic zones to the seed proper (2, 4) . Once free 02 reaches the seed, aerobic respiration begins and the mesocotyl elongates.
Along with the obvious importance of rice as a food crop, its ability to tolerate anaerobiosis makes rice an interesting system in which to study germination. Although there have been many studies on the respiratory metabolism of anaerobically germinated rice (3, 5, 19) important not only in establishing the seedling, but also as an alternative system to developmental studies using etiolated seedlings.
Whether grown in the dark or the light, anaerobically germinated rice produces only a coleoptile (14) . Root initiation, shoot development, and greening are controlled by exposure to 02, not light as is usual in greening shoots. Plastid development has been studied in Echinochloa crus-galli var oryzicola, another species capable of anaerobic germination. Upon exposure to 02, this species was shown to have a sequence of plastid development which differs from when etiolated seedlings were exposed to light (28) . Similarly, anaerobically germinated rice has also been reported to have nondistorted plastids (27) . Additional studies of photosynthesis upon exposure to 02 would be useful in understanding the mechanisms of adaptation of rice to a low 02 environment. In this study, anaerobically germinated seedlings, greened upon exposure to air, are compared to A/D4-germinated seedlings, greened upon exposure to light.
MATERIALS AND METHODS
Germination. Rice seeds (Oryzicola sativa L. cv S-201) were surface sterilized in 1.5% NaOCl for 5 (21) . The assay mixture contained (0.5 ml): 100 mm Hepes-KOH (pH 7.7); 20 mM KCl; 30 mM MgC92; 1 mM DTT; 12 mM NaH'4C03 (1 Ci/ mol); 15 mm RuBP; and 20 to 50 ul enzyme extract. PEPcase (EC 4.1.1.31) was measured spectrophotometrically at 25°C by following the oxidation of NADH in an assay coupled with malate dehydrogenase (11) . The assay mixture contained (1.0 ml): 25 mm Tricine-KOH (pH 8.3); 5 mM MgSO4; 4 mM DTT; 10 mm KCO3; 1 mm glucose-6-P; 0.2 mM NADH; 2 units malate dehydrogenase; 2.5 mm PEP; and 25 to 50 ul enzyme extract.
RESULTS
Rice seedlings grown for 7 d under N2 appeared less vigorous than those grown either in A/D or air/light. The shoot, consisting only of a coleoptile was nonpigmented. The radicle did not emerge from the seed. The fresh and dry weight of the shoots from N2-grown seedlings were less than half those of the other two treatments (Fig. 1 ). Although seed dry weight decreased during the 7-d germination period in all treatments ( Fig. 2) , the decrease was less pronounced in the N2 treatment. After exposure of A/D seedlings to light, both shoots and roots continued to gain weight (Fig. 3) . In N2-grown seedlings, roots were visible at 12 h. Even after 120 h of exposure to air, the shoots and roots of N2-grown seedlings had not increased in weight to the same extent as A/D-grown seedlings. 02 evolution of shoot slices was used to estimate maximum photosynthetic rates (12) . In A/D-germinated seedlings, 02 evolution was apparent after 4 h of greening, although net 02 evolution did not occur until 6 h of greening (Fig. 4) . Thereafter, photosynthesis increased rapidly, with a maximum rate of 100 ,umol/g fresh weight-h at 24 h. Subsequent 02 evolution remained constant up to 48 h. Dark 02 uptake was variable in both A/D-and N2-grown seedlings. After exposure to 02, N2-grown seedlings lagged 70 h behind A/D-grown seedlings before net 02 evolution occurred (Fig. 5) . Although the maximum photosynthetic rate was equivalent to that of A/D-grown seedlings, it took 98 h of greening for N2-grown seedlings to reach this rate compared to 24 h for A/D-grown seedlings.
The initial carotenoid content of A/D-grown seedlings was 60
,ug/g fresh weight. This level increased to a maximum of over 300 ,g/g fresh weight after 38 h of greening (Fig. 6 ). Chl was not detectable until after 2 h ofgreening and increased to a maximum value after 40 h (Fig. 7) . The ratio of Chl:carotenoid was 1.3 after 2 h of greening, 3.9 after 24 h, and 4.8 after 48 h. In N2-grown seedlings, initially there were no pigments detectable. However, when N2-grown seedlings were exposed to air, pigment accumulation began. After 24 h of greening, there were 19 ,g/g fresh weight of carotenoid (Fig. 8) . Within the next 24 h, the carotenoid content doubled, while the Chl content increased 4.5 times (Fig. 9 ). After this initial rapid rate of Chl accumulation, the ratio of Chl:carotenoid increased more slowly: 2.2 after 24 h, 3.3 after 60 h, and 4.2 after 120 h exposure to air. While the ratio of Chl:carotenoid in N2-grown seedlings was similar to that in the A/D treatment, the absolute level of pigments was reduced. After 120 h of greening, the Chl and carotenoid content of N2-grown seedlings still had not reached the 48-h value of A/Dgrown seedlings. Also, N2-grown seedlings reached a maximum rate of 02 evolution well before full pigmentation occurred (Fig.  5) . In fact, after 124 h of greening, the Chl and carotenoid content was still increasing. In A/D seedlings, RuBPcase activity was initially 40 smol/g fresh weight. h, increasing to 425 ,umol/g fresh weight. h at 44 h (Fig. 10) . By comparison, 02 evolution and pigment content reached maximal values at 24 h. PEPcase remained at about 25 gmol/g fresh weight.h throughout greening. RuBPcase activity in N2-grown seedlings was still only 50 imol/g fresh weight-h after 60 h of greening (Fig. 11) . After 120 h, RuBPcase activity was 565 ,gmol/g fresh weight h and still increasing. with adaptation of respiratory metabolism as a means of tolerating low 02 environments. Anaerobically germinated seedlings can not survive anaerobiosis indefinitely, however, and for further seedling growth and successful stand establishment seedlings must be exposed to 02. Thus, elongation of the coleoptile and subsequent development of photosynthetic activity are equally important to ultimate plant growth. Elongation ofthe coleoptile, thereby reaching a more aerobic zone, is considered the principal means of providing the 02 necessary to initiate aerobic respiration and photosynthesis. Previous studies have concentrated on the mechanism of 02 transport through rice coleoptiles (4, 13), as well as the relationship between rice coleoptile elongation and the level of dissolved 02 under submerged conditions (2, 20, 24, 26) .
In this study, the importance of coleoptile extension is shown by the dry weight apportioned to it during anaerobic germination. In the air/light and A/D treatments, both the shoot and root increased in dry weight during 7 d of germination. The N2-grown seedlings, however, did not produce roots under anaerobiosis, and even after exposure to 02, radicle emergence did not occur for 24 h. The loss in seed weight during germination must be comprised totally of material translocated to the coleoptile and lost due to respiration. A depressed rate of respiration, as well as translocation to the coleoptile ofanaerobically germinated rice, have been found in other studies (24, 29) . Upon exposure to 02, the rate of dry weight accumulation was not pronounced in either the N2-or A/D-treated shoots, at least up to the point where photosynthetic development was complete. The rate of dark respiration of anaerobically germinated rice seedlings has been found to increase when seedlings are exposed to air (25) . This increase was transient, eventually returning to control values. A similar increase in respiratory activity also occurs in greening etiolated tissue and is apparently related to the increased energy demands placed on the cell by synthesis of chloroplast components (30) .
Pigment Synthesis. In contrast to A/D-grown seedlings, N2-grown seedlings contained no pigments although they were grown in the light. In general, etiolated seedlings contain no Chl and only a limited amount of carotenoid (8) . The accumulation ofboth pigments is controlled by exposure to light, and both are phytochrome-mediated responses (10, 17 -.--.
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tions (8, 16) . It is possible that some carotenoids would be carried over from the embryo into the anaerobically germinated shoots (6), but in our study no pigmentation was detected at 0 h greening in the N2-grown seedlings.
Carboxylase Enzymes. The development of RuBPcase activity also differed in N2-and A/D-grown seedlings. As with net evolution and pigment synthesis, N2-grown seedlings had a longer lag before RuBPcase activity increased from its initial level during greening. However, once established, RuBPcase activity increased above that in A/D-grown seedlings and was still increasing after 120 h of greening. From this study, it is not possible to determine if the increased activity is due to activation of protein already present in the seedling or to de novo synthesis upon exposure to air. Although some protein synthesis does occur in anaerobically treated seedlings (5, 19) , it is unlikely that RuBPcase is synthesized to any extent until the seedlings are exposed to air. As with Chl and the carotenoids, synthesis of RuBPcase is a phytochrome-mediated response (30) . The appearance ofthe mRNA responsible for the synthesis of the small subunit is induced by the active form of phytochrome (23) . Since the phytochrome response in anaerobically germinated seedlings is less than 10% that in aerobic controls, de novo synthesis of the enzyme upon exposure to air is the likely explanation for the extended lag under anaerobiosis. In both the A/D-and N2-grown seedlings, RuBPcase activity increased beyond the time at which the maximum rate of 02 evolution occurred, suggesting that some factor other than carboxylating enzyme was limiting to photosynthesis.
As expected in a C3 plant, PEPcase was present at only minimal levels. There was no increase in activity upon greening in the A/ D-grown seedlings. This is in contrast to a study by Raghavendra and Das (22), who not only found initially higher levels of PEPcase in etiolated rice seedlings, but also found a transient increase in activity, which they attributed to the operation of the C4 pathway of photosynthesis during the early hours ofgreening.
In the N2 seedlings, there was a transient increase in the activity of PEPcase, which could be due to increased flux from glycolysis to the tricarboxylic acid cycle upon exposure to air. After this transient increase, the activity decreased again to a minimal value.
In summary, although the sequence ofevents that occur during greening in N2-grown seeedlngs is similar to that in A/D-grown seedlings, there are significant differences in lag times and in the absolute values of RuBPcase activity, Chl and carotenoid content. The delay in photosynthetic activity (measured by 02 evolution) seems to be only loosely controlled by the pigment content and RuBPcase since maximum 02 evolution occuffed well before maximum values were obtained for these parameters in both A/D-and N2grown seedlings. Since phytochrome is so important for the synthesis and development of these and other components of photosynthesis, further studies on greening anaerobically germinated seedlings would probably be most profitable if the role of phytochrome was specifically investigated.
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